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The spin-nematic phase is an intriguing state of matter that lacks usual long-range dipolar order,
yet it exhibits higher multipolar order. This makes its detection extremely difficult and controver-
sial. Recently, nuclear magnetic resonance (NMR) has been proposed as one of the most suitable
techniques to confirm its existence. We report a 17O NMR observation of the reduction of the local
magnetization in the polarized state of the frustrated spin-1/2 chain β-TeVO4, which was previously
proposed to be a fingerprint of the spin-nematic behavior. However, our detailed study shows that
the detected missing fraction of the magnetization, probed by NMR frequency shift, is thermally
activated, thus undermining the presence of the spin-nematic phase in the investigated compound.
This highlights the importance of careful considerations of temperature-dependent NMR shift that
has been overlooked in previous studies of spin nematicity.
The pursuit of a spin-nematic phase [1, 2] has been
attracting physicists for almost half a century [1–8]. In
this enigmatic phase, a spin system develops long-range
order of magnetic quadrupoles [1] that lacks dipolar cor-
relations. Consequently, the spin-nematic phase is elusive
and extremely difficult to detect experimentally. Lately,
the research has focused on frustrated spin-1/2 chains,
where a spin-nematic phase is predicted to occur in a
narrow magnetic-field range just before the magnetiza-
tion saturates [9, 10]. Here, the magnetic quadrupoles
are expected to form out of bound magnon pairs that
condense at the bonds between the neighboring spins
[5, 11, 12]. The resulting spin-nematic order has been
theoretically suggested to be detectable either directly, by
probing its excitations, i.e., by breaking bound magnon
pairs [13–17], or indirectly, by following the correspond-
ing missing fraction of the magnetization [12]. Experi-
mentally, nuclear magnetic resonance (NMR) has been
proposed as the most suitable technique to detect the
missing fraction due to its high resolution, allowing it
to detect minute changes in local magnetization [18, 19].
Yet, rounding of the magnetic-field-driven transition into
the fully-polarized spin state is characteristic also of ther-
mal fluctuations [20, 21], which have been overlooked in
the previous studies of the spin nematicity [18, 19].
The most studied frustrated spin-1/2 chain candi-
date LiCuVO4 has the saturation field between 40 and
50 T [22]. Its magnetic response in the vicinity of
the saturation has been, therefore, investigated primar-
ily by pulsed-field-magnetization and nuclear-magnetic-
resonance (NMR) measurements [18, 19, 22]. The latest
NMR experiments revealed that at 1.3 K the magnetic
order vanishes already ∼1 T before the full saturation is
achieved, which was proposed as an experimental proof
of the spin-nematic phase [19]. If the observed response is
indeed associated with the emergence of the spin-nematic
phase, then it should not change upon cooling and should
persists to the lowest accessible temperatures [12], which,
however, is yet to be confirmed experimentally.
Here we focus on β-TeVO4 [23, 24], which also exhibits
all the characteristics of the spin-1/2 frustrated ferro-
magnetic chain [1–3, 25, 27]. The V4+ (S= 1/2) mag-
netic ions are coupled by ferromagnetic nearest-neighbor
J1≈−38 K and antiferromagnetic next-nearest-neighbor
J2≈−J1 exchange interactions. The system exhibits a
long-range magnetic order below TN1 = 4.6 K and the ex-
perimentally derived phase diagram resembles the theo-
retically predicted one very well [1]. In particular, the
helical ground state is at ∼3 T succeeded by the spin-
density-wave (SDW) state, which is at ∼18.7 T followed
by the high-field (HF) phase with an unknown type of
incommensurate magnetic order [30]. Finally, the sat-
uration is reached at ∼21.7 T [30], allowing for a spin-
nematic phase to exist in a narrow interval around this
field, as theoretically predicted [31]. A relatively low sat-
uration field compared to LiCuVO4 [22] and other related
systems allows for a much more detailed NMR study of
the putative spin-nematic phase, which could focus also
on thermal effects.
In this work we present low-temperature high-
magnetic-field NMR measurements on β-TeVO4, focus-
ing on the magnetic-field region where the spin-nematic
phase could exist. Our data show that, between 21.72(1)
and 21.78(1) T, the NMR spectrum progressively changes
from a complex one, corresponding to the long-range or-
dered high-field (HF) phase, to a simple paramagnetic
one, indicative of the fully-polarized, i.e., saturated, spin
state. This is characteristic of a first-order transition,
where two phases coexist over a finite range of the exter-
nal magnetic field. Remarkably, above 21.78 T the shift
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FIG. 1. The magnetic-field (B||a) dependence of the 17O NMR spectra. (a) Spectra measured by sweeping the magnetic
field at fixed frequencies ν= 17γBL. The forks at the baseline of the BL = 22 T curve indicate positions of the spectral peaks
(quintets), corresponding to each oxygen site. At the baseline of the BL = 18 T spectrum U-shaped incommensurate broadening,
anticipated for the SDW state, is demonstrated. Inset shows the field dependence of magnetization measured at 1.7 K [30] with
color-codded field ranges covered by NMR spectra. (b) Detailed field dependence of the spectrum for site 2. Arrows denote the
position of the central transition Bcentral. (c) The magnetic field dependence of the shift of the central transitions Bcentral with
respect to BL for site 2 measured at several temperatures (symbols). The dashed horizontal line denotes the value ascribed to
the fully saturated magnetization Msat. Inset shows the ratio between the magnetization at BC2 and Msat derived from the
internal fields at BC2 and 23.8 T, respectively.
of the fully-polarized spectrum relative to the Larmor
frequency still grows with increasing field at 1.6 K, while
its width does not change any more. This resembles the
response reported for LiCuVO4 [19] and may thus imply
the presence of the spin-nematic phase. However, with
decreasing temperature, this shift growth becomes less
and less pronounced and is finally completely suppressed
below ∼0.8 K. This reveals that the field-induced shift of
the NMR spectrum just below the saturation in β-TeVO4
is not a sign of the spin-nematic phase, but is rather due
to thermal fluctuations. A precise investigation of the
thermal effects on the NMR shift is, therefore, clearly an
essential step in the search for the spin-nematic state. As
such, our discovery provides an alternative explanation of
the spin-nematic-like behavior that should be considered
also in LiCuVO4.
A single crystal (1.00×3.10×7.55 mm3) of β-TeVO4
was grown from TeO2 and VO2 powders by chemical
vapor transport reaction, using a two-zone furnace and
TeCl4 as a transport agent [1–3]. The 17O enrichment
of ∼ 8% was achieved [32]. The 17O NMR was mea-
sured using a custom-built spectrometer at the National
Laboratory for High Magnetic Fields (LNCMI), Greno-
ble, France, between 0.2 and 17.7 K in the magnetic field
B between 17 and 24 T applied along the a crystallo-
graphic axis. A dilution refrigerator was used to achieve
temperatures below 1.6 K. The spectra were measured
at fixed frequencies by sweeping the magnetic field or at
fixed fields by sweeping the frequency. The shape of the
coil was adopted to fit the crystal (flat elongated plate),
while a rotator was used to adjust the orientation of the
magnetic field in the ab plane. Internal capacitors (bot-
tom tuning) were used to improve signal-to-noise ratio
for temperatures above 1.6 K, while external capacitors
(top tuning) were used in combination with the dilution
refrigerator.
To explore the high-field magnetic phases in β-TeVO4
we first measured the 17O NMR spectrum at 1.6 K in
the SDW, HF and saturated phases, i.e., at ∼18, 20 and
22 T, respectively [Fig. 1(a)]. For a single 17O site (nu-
clear spin I = 5/2) one expects a spectrum composed of
five lines (a quintet), due to the splitting of the I = 5/2
multiplet in an electric field gradient present in the crys-
tal. Indeed, in the saturated phase, the spectrum exhibits
four quintets, i.e., two well separated and two overlap-
ping quintets, corresponding to four crystallographically
inequivalent oxygen sites. Relative to the “Larmor” field
BL = ν/17γ, site 1 is shifted to negative fields by 0.14 T,
whereas sites 2-4 are shifted to positive fields by 1.14,
0.52, and 0.49 T, respectively. The shift of site 1 is no-
tably smaller compared to the others, which indicates
that the corresponding hyperfine coupling is significantly
weaker. This is the reason why only spectral lines from
site 1 can be detected in the SDW phase, where the sig-
nal from other sites is suppressed by fast magnetic relax-
ation driven by stronger hyperfine interactions. Since in
the SDW phase each of the five NMR transitions is split
into a characteristic U-shaped spectrum by incommen-
surately modulated local magnetic fields, the SDW spec-
trum consists of five overlapping U-shaped spectral lines
[sketched in Fig.1(a)]. In the HF phase, the spectrum is
significantly broader and more complex. In particular,
3besides the changes of the magnetic order, we find that
in this phase also sites 2-4 contribute to the spectrum, in-
dicating that the corresponding magnetic relaxations are
slower than in the SDW phase. The spectrum is com-
pletely different than in the saturated phase, implying
that the local fields are still continuously distributed, as
expected for an incommensurate magnetic order.
In order to investigate the potential spin-nematic be-
havior, we performed detailed measurements of the NMR
spectrum as a function of the applied magnetic field
in the vicinity of the magnetization saturation. Since
the local magnetic field is a sum of the applied field
and magnetization-driven internal fields, the shifts of the
NMR lines relative to BL continue to change until the
magnetization is fully developed. This effect is most pro-
nounced for site 2 because it experiences the largest inter-
nal field. At 1.6 K, we find that between BC2 = 21.78(1)
and 23.4(1) T, i.e., where spectrum already adopts a sim-
ple saturated shape, the shift of the NMR spectrum of
this site relative to BL still increases by additional 0.1 T
[Fig. 1(b)]. This becomes even clearer when plotting the
shift of the central NMR transition Bcentral relative to
BL as a function of the applied magnetic field [Fig. 1(c)]
[32]. A physical interpretation of this result is that, above
BC2, the magnetization is still increasing with increasing
field. The observed increase of the (Bcentral−BL) shift
above BC2 could thus be a signature of the spin-nematic
order, as suggested before [19].
To explore the origin of the magnetic-field-induced
shift of the fully-polarized spectrum and its potential
relation to the spin-nematic order, we performed de-
tailed field-dependent measurements of the central line
for site 2 at several temperatures. The results, summa-
rized in Fig. 1(c), clearly show that on cooling the corre-
sponding internal field (Bcentral−BL) approaches a field-
independent constant, set by the fully-saturated mag-
netization reached at ∼23.8 T. Such “rounding” of the
magnetic-field-driven transition into the fully-polarized
spin state, whose sharpness changes with temperature, is
obviously due to thermal fluctuations [20, 21]. In fact,
since internal fields are in the saturated phase directly
proportional to the sample’s magnetization, we can plot
the ratio between the magnetization at BC2 and its fully
saturated value [inset in Fig. 1(c)], which clearly shows
that below ∼0.6 K the magnetization is already fully de-
veloped at BC2. In contrast, the spin-nematic phase in
frustrated spin-1/2 chains is for J1/J2∼−1 predicted
to emerge already at zero temperature when magneti-
zation surpasses ∼70% of its fully saturated value [9, 10],
i.e., spanning across a sizable magnetization range that
should not be suppressed on cooling. The observed be-
havior, therefore, indicates that the increase of the in-
ternal field above BC2 is caused by thermal fluctuations
rather than being a signature of the spin-nematic order.
A detailed inspection of the transition from the HF
state to the saturated state at 0.6 K reveals another sur-
2 1 . 7 0 2 1 . 7 5 2 1 . 8 01 1 9 . 0
1 1 9 . 2
1 1 9 . 4
1 1 9 . 6
1 1 9 . 8
1 2 0 . 00
2 0 0 0
4 0 0 0
6 0 0 0
8 0 0 0
1 0 0 0 0( a )  S i t e  2T  =  0 . 6  K
( c )
P ML R O
ν (M
Hz)
B  ( T )
Inte
nsit
y (a
rb. 
u.) x 1 0
( b )
1 1 8 . 5 1 1 9 . 0 1 1 9 . 5 1 2 0 . 0
17 O
 NM
R s
pec
tra 
for 
β-T
eVO
4
ν  ( M H z )
 2 1 . 8 0  T 2 1 . 7 8  T 2 1 . 7 6  T 2 1 . 7 4  T 2 1 . 7 2  T 2 1 . 7 0  T
FIG. 2. (a) Frequency dependent 17O NMR spectra taken at
fixed fields at the transition from the HF to the fully-polarized
state measured at 0.6 K. The field dependencies of (b) inten-
sity and (c) position of the spectral features indicated by ar-
rows in panel (a). Solid lines are guides to the eye.
prising feature. Namely, across the transition, the NMR
spectrum at site 2 is very complex and corresponds to
the HF state coexisting with a simple (paramagnetic-
like) fully-polarized, i.e., saturated, state [Fig. 2(a)]. On
increasing field, the intensity of the fully-polarized spec-
trum [Fig. 2(b)] becomes observable at BC1 = 21.72(1) T
and gradually increases up to BC2, beyond which field it
does not change anymore. On the contrary, the HF sig-
nal starts to loose intensity at BC1 and completely disap-
pears at BC2 [Fig. 2(b)]. Moreover, below BC1 and above
BC2 the positions of the HF and the fully-polarized spec-
tra, respectively, shift linearly with the magnetic field,
while throughout the transition they do not change at all
[Fig. 2(c)]. Such behavior is characteristic of an interme-
diate mixed-phase state that develops at the first-order
transition between two states with different magnetiza-
tions [33–36], indicating that the transition from the HF
state to the saturated state is a first-order type of the
phase transition. In particular, the effect of demagnetiz-
ing field makes the local field in the mixed-phase state
independent of the applied field [33], which does not leave
any room for a potential spin-nematic phase.
After exploring static properties of the system, we con-
tinue with our investigation of spin dynamics by utiliz-
ing the nuclear spin-lattice-relaxation (1/T1) measure-
ments. We focus our attention on the saturated state
(above BC2), since in frustrated spin-1/2 chains the ex-
otic bound-magnon excitations are expected to be more
favorable than conventional single-magnon excitations
[12]. We measured 1/T1 at the peak of the central tran-
sition of site 2 as a function of magnetic field and tem-
perature. The data can be nicely fitted with the expres-
sion for central transition for I = 5/2 nucleus [4] with a
stretching exponent of 0.80(3) [32, 38], indicating a finite
4distribution of 1/T1. The derived dependence of 1/T1
[Fig. S1(a)] exhibits a thermally activated behavior that
can be described by the Arrhenius law,
1/T1 = 1/THT1 exp(−∆/kBT ), (1)
where 1/THT1 is the high-temperature limit for 1/T1,
∆ denotes the excitation gap and kB is the Boltz-
mann constant. Indeed, with a field-independent value
1/THT1 = 1.30(1) ms−1, we obtain a very good agreement
with the experimental data in all magnetic fields [solid
lines in Fig. S1(a)]. The derived ∆(B) is a linear func-
tion of B [Fig. S1(b)]. This complies with the theory
[12, 39], predicting that at the critical field B∆ the bound
magnon pairs, constituting the spin-nematic state, give
way to the fully saturated state and develop a gap that
is proportional to the applied magnetic field. Namely,
above the saturation the excitation gap should follow the
∆ = pgµB(B − B∆) dependence [18, 40], where g= 2.01
[1] is the gyromagnetic ratio and p is the number of bound
magnons. As expected, the field dependence of ∆ can be
described perfectly with B∆ = 19.91(2) T and p= 1.99(1)
[solid line in Fig. S1(b)], implying that above the satura-
tion the relaxation process is dominated by two-magnon
excitations. For comparison we show a fit assuming one-
magnon excitations, which is clearly inadequate [dashed
line in Fig. S1(b)].
However, the derived parameter B∆ is smaller than
BC1, hence, the excitations appear to have a finite
gap, ∆sat/kB ≈ 5 K, already at BC2, where the satu-
rated phase is established, in line with the first-order
nature of the transition. Moreover, the derived ∆sat is
of the order of the exchange anisotropy in the investi-
gated system, δb1,2/kB ∼ |0.2J1,2|/kB ∼7.6 K [2] and com-
plies with the magnon gap of ∼7 K (0.6 meV) determined
by inelastic neutron scattering (see supplementary infor-
mation to Ref. [41]). It thus seems that the exchange
anisotropy might be associated with the establishment
of the incommensurate HF state instead of the spin-
nematic one, as suggested earlier [30]. This is also in
agreement with theoretical calculations, showing that the
easy-plane exchange anisotropy and finite interchain in-
teractions, which in β-TeVO4 amount to ∼0.13|J1| and
∼0.05|J1|, respectively [2], suppress the condensation of
bound magnon pairs [42, 43] and thus preclude the forma-
tion of the spin-nematic phase. Last, we note that a small
deviation from the two-magnon behavior is observed in
1/T1 at 0.6 K [Fig. S1(c)] already below ∼21.95 T, which
is far above B∆ where the two-magnon spin gap is ex-
pected to close, suggesting that it cannot be associated
with the spin-nematic fluctuations.
Our results particularly highlight the effect of the ther-
mal spin fluctuations. At finite temperature, the latter
push the saturation of magnetization well beyond the
zero-temperature limit of 21.78(1) T, which can be mis-
taken for a fingerprint of the spin-nematic order. In fact,
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thermal spin fluctuations could also explain the contra-
dictory reports about LiCuVO4, where NMR results for
B||c and T = 0.38 K [18] show that the magnetization is
completely saturated at ∼42 T, whereas the magnetiza-
tion [18] and NMR [19] data obtained at 1.3 K exhibit a
gradual increase of magnetization up to ∼44 T. The ob-
served behavior was associated either with nonmagnetic
defects [18] or with spin-nematic ordering [19], but it
may well be a result of thermal spin fluctuations. Hence,
in order to unambiguously confirm the presence of the
spin-nematic state in LiCuVO4 an in-depth temperature-
dependent investigation at the lowest experimentally ac-
cessible temperatures, like ours, is required.
In conclusion, our high-magnetic-field 17O NMR mea-
surements on β-TeVO4 show that below ∼1 K the sys-
tem undergoes a first-order transition from the HF to
the fully-polarized, i.e., saturated, phase at ∼21.75 T. At
lowest temperatures the transition extends across a nar-
row magnetic field range, which manifests in an inter-
mediate mixed-phase state, where the incommensurate
HF and the fully-polarized states coexist. At elevated
temperatures, however, we find that the complete sat-
uration of the magnetization is achieved only at much
higher fields, which reflects the effect of thermal fluc-
tuations. Such a response can easily be mistaken for a
spin-nematic behavior potentially undermining the exist-
ing reports of spin-nematic phases in other systems. Our
study thus shows that a firm confirmation of the spin-
nematic state requires a careful investigation of thermal
effects, a crucial experimental step that was not consid-
5ered in previous studies.
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1Supplemental Material:
Thermal effects versus spin nematicity in
a frustrated spin-1/2 chain
SAMPLE PREPARATION
Starting materials for sample synthesis were TeO2
(99.99%, Alfa Aesar) and V2O5 (99.9%, Alfa Aesar).
V2O5 was reduced to V2O3 in a stream of hydrogen-argon
mixture (4% hydrogen) at 750◦C. A part of the obtained
V2O3 was oxidized by 17O2 (90%, Sigma-Aldrich) to
V3O7 at 550◦C. V2O3, TeO2 and the isotope-rich V3O7
in the stoichiometric ratio providing V4+ compound were
ground for homogenization, and the fine powder was
pressed to a pellet. This pellet was the starting material
for the chemical vapour transport growth of single crys-
tals in a silica ampoule, with TeCl4 as transport agent
[S1–S3]. This technique results in the 17O enrichment
of about 8% (∼200× more than the natural abundance).
We expect no variation of the enrichment among them,
as all oxygen crystalographic sites are equivalent.
NMR SPECTRUM ACQUISITION
The nuclear magnetic resonance (NMR) spectra were
measured for 17O nuclei (spin I = 5/2) using pi/2 - τ -pi
pulse sequence with τ mostly being 30µs, while typical
pi/2 and pi lengths were 3 and 6µs, respectively. The
number of repetitions varied between 32 at 1.6 K and
single shot measurements at 0.19 K. The pulse separa-
tion was adjusted depending on the spin relaxation rate.
Broad field-sweep measurmemtns, shown in Figs. 1(a)
and 1(b) in the mauscript, were measured at fixed fr-
wquencies while sweeping the magnetic field B. On
the other hand, narrow parts of the spectra, shown in
Fig. 2(a) in the manuscript, were meaured at fixed mag-
netic field while sweeping the excitation frequenciy ν.
DERIVATION OF 1/T1
The spin-lattice relaxation time T1 was measured by
inversion-recovery method at the central line of the NMR
spectrum. The magnetization recovery curves were fitted
by the corresponding magnetic-relaxation model for spin-
5/2 nuclei [S4],
M(t) = M0
[
1−
(
1
35e
−(t/T1)β + 845e
−(6t/T1)β+
50
63e
−(15t/T1)β
)]
.
(S1)
Here M0 is the saturation magnetization and β de-
notes a stretched exponential relaxation, which takes into
the account the distribution of T1 values. Eq. S1 with
β= 0.80(3) perfectly fits the experimental curves for all
magnetic fields between 21.7 and 23.8 T (Fig. S1). The
derived values for 1/T1 are presented in Fig. 3 in the main
text.
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FIG. S1. Several representative magnetization-recovery
curves measured at site 2 at 0.6 K. Solid lines are fits to Eq. S1.
